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ABSTRACT
The Multipurpose InfraRed Imaging System (MIRIS) performed the MIRIS PaαGalactic Plane Survey
(MIPAPS), which covers the entire Galactic plane within the latitude range of −3◦ . b . +3◦ at Paα
(1.87 µm). We present the first result of the MIPAPS data extracted from the longitude range of
` = 96◦.5–116◦.3, and demonstrate the data quality and scientific potential of the data by comparing
them with Hα maps obtained from the INT Photometric Hα Survey (IPHAS) data. We newly identify
90 H II region candidates in the WISE H II region catalog as definite H II regions by detecting the
Paα and/or Hα recombination lines, out of which 53 H II regions are detected at Paα. We also
report the detection of additional 29 extended and 18 point-like sources at Paα. We estimate the
E(B−V ) color excesses and the total Lyman continuum luminosities for H II regions by combining
the MIPAPS Paα and IPHAS Hα fluxes. The E(B−V ) values are found to be systematically lower
than those estimated from point stars associated with H II regions. Utilizing the MIPAPS Paα and
IPHAS Hα images, we obtain an E(B−V ) map for the entire region of the H II region Sh2-131 with
an angular size of ∼2◦.5. The E(B−V ) map shows not only numerous high-extinction filamentary
features but also negative E(B−V ) regions, indicating Hα excess. The Hα excess and the systematic
underestimation of E(B−V ) are attributed to light scattered by dust.
Keywords: dust, extinction — Galaxy: structure — H II regions — infrared: ISM — surveys
1. INTRODUCTION
Galactic H II regions are important observational tar-
gets to study various astronomical phenomena in our
Galaxy. Since massive stars, which produce the ultravio-
let (UV) photons ionizing neutral hydrogens surrounding
the stars, have short lifetimes, Galactic H II regions are
good indicators of the recent star-forming activity in our
Galaxy. Anderson et al. (2014) presented a catalog of
8399 Galactic H II regions using the WISE all-sky data,
and claimed that it is the most complete catalog of Galac-
tic H II regions. However, they used an indirect method
to identify H II regions: searching the WISE 12 µm and
22 µm emissions, each of which originates from the poly-
cyclic aromatic hydrocarbon (PAH) molecules and very
small dust grains, respectively, which are heated by pho-
tons from the massive stars within the H II regions (e.g.,
Li & Draine 2002). Therefore, further studies to directly
probe ionized hydrogen gas in the H II region candidates
are required to definitely confirm that they are indeed
true H II regions. There have been many radio contin-
uum surveys along the Galactic plane (e.g., Becker et
al. 1994; Condon et al. 1998; Bock et al. 1999; Taylor
et al. 2003; McClure-Griffiths et al. 2005; Helfand et al.
2006; Stil et al. 2006). No single radio continuum sur-
vey covers the whole Galactic plane, but the combined
coverage of those surveys does. Paladini et al. (2003)
provided a radio catalog of 1442 Galactic H II regions
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by collecting the previous radio data. Although the ra-
dio continuum observations are free from dust extinction,
the radio continuum arises not only from thermal free-
free emission produced in ionized hydrogen gas, but also
from non-thermal radiation with other origins. There-
fore, detecting hydrogen recombination lines is the best
way to definitely identify H II regions.
To date, the recombination lines from ionized hydro-
gen gas have been detected mostly by observing radio
recombination lines (RRLs), near-infrared Brγ 2.17 µm
line, and optical Hα line, because these lines are accessi-
ble in the ground-based observations. The most compre-
hensive RRL observations of Galactic H II regions were
performed with the Green Bank and Arecibo telescopes
(Bania et al. 2010; Anderson et al. 2011; Bania et al.
2012). They detected RRLs from ∼500 H II regions in
the first Galactic quadrant and around the Galactic cen-
ter. A large-scale Brγ survey of the Galactic plane was
carried out by Kutyrev et al. (2001), but it covered only
a limited longitude range (` = 358◦–43◦) of the plane.
Since the RRLs and Brγ lines are very faint, they do not
seem to be efficient for large-scale survey. For example,
the Brγ intensity is about two orders of magnitude lower
than the Hα intensity, as shown in Table 14.2 of Draine
(2011). The ground-based optical surveys of the Hα line
have been performed for more than half a century, and
hence they are the most common methods for observ-
ing hydrogen recombination lines from H II regions. Al-
though an all-sky composite Hα map (Finkbeiner 2003)
is the most well known, the INT/WFC Photometric Hα
Survey (IPHAS) (Drew et al. 2005) and the SuperCOS-
MOS Hα Survey (SHS) (Parker et al. 2005), which cover
the whole northern and southern Galactic plane, respec-
tively, are more recent data with much higher spatial
resolutions and sensitivities. However, a fundamental
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2limitation of Hα observations is the strong attenuation
by dust, especially in the Galactic plane. Therefore, the
detection of the Hα line is not easy, not only for distant
sources with a large amount of interstellar dust along the
line of sight, but also for young H II regions embedded
within dense molecular clouds.
An alternative way to detect hydrogen recombination
lines from H II regions is Paα 1.87 µm line observa-
tion. The Paα line is still moderately strong in case
B hydrogen recombination spectrum (∼1/8.5 of Hα in-
tensity at a temperature of 104 K, as shown in Table
14.2 of Draine (2011)), but suffers much less dust extinc-
tion than the Hα line. Assuming the Galactic extinc-
tion curve of Cardelli et al. (1989) with RV = 3.1, the
less-attenuated Paα flux becomes larger than the more-
attenuated Hα flux when E(B−V ) >1.12. Therefore,
the Paα line observation enables us to probe deeper into
dense molecular clouds and longer distances through the
interstellar medium. However, the Paα line is included
in a wavelength range that is subject to heavy absorption
by water molecules in Earth’s atmosphere, and therefore
on the ground, the Paα line is not easily accessible. Nev-
ertheless, there have been some Paα observations on the
ground (e.g., Jones & Wolff 1980; Lilly & Hill 1987; Hines
1991; Hill et al. 1996; Falcke et al. 1998; Komugi et al.
2012; Tanabe´ et al. 2013), whose observing targets were,
however, limited to early-type stars or external galaxies.
The first space-based Paα observations were performed
with the Hubble Space Telescope (HST) NICMOS cam-
era. HST NICMOS has high spatial resolution and sen-
sitivity, but a small field of view. This makes its ob-
servations mainly focus on small-sized targets, such as
external galaxies (e.g., Bo¨ker et al. 1999; Alonso-Herrero
& Knapen 2001; Quillen & Yukita 2001; Scoville et al.
2001; Alonso-Herrero et al. 2002; Dı´az-Santos et al. 2008;
Liu et al. 2013) or small-sized objects in our Galaxy (e.g.,
Schultz et al. 1999; Smith & Gehrz 2000; Scoville et al.
2003; Mills et al. 2011). In particular, Wang et al. (2010)
and Dong et al. (2011) made a large-scale Paα mosaic im-
age with a size of ∼39× 15 arcmin2 around the Galactic
center. To obtain the image of this angular size, they
combined HST NICMOS data taken from thousands of
exposure fields.
The Multipurpose InfraRed Imaging System (MIRIS)
was developed for a wide-field survey covering the whole
Galactic plane with a moderate spatial resolution (the
best case is ∼52 arcsec) (Han et al. 2014). The MIRIS
Paα Galactic Plane Survey (MIPAPS) was performed us-
ing two narrow-band filters near the Paα line, and the
Paα image over the whole Galactic plane has been com-
pleted for the first time. In this paper, we present the
first result of MIPAPS for a particular region in the lon-
gitude range of ` = 96◦.5–116◦.3 (around Cepheus). This
region, which lies just outside the first Galactic quadrant,
includes many Paα sources with intermediate brightness.
The data in this region are free from an observational
artifact due to filter-wheel position offset (this issue will
be described in subsequent papers), and thus are appro-
priate for an initial analysis of the MIPAPS data. By
comparing the MIPAPS Paα data with the IPHAS Hα
data, we demonstrate the scientific potential of the MI-
PAPS data. We visually inspect the Paα and Hα data
of H II region candidates, and show that the MIPAPS
Paα data are able to identify many of them as true H II
regions. We also report new detections of Paα extended
and point-like sources in Cepheus. For some H II re-
gions, we estimate the E(B−V ) color excesses by aper-
ture photometries of the Paα and Hα total fluxes, and
compare the results with E(B−V ) obtained from point
stars. We show that our photometric results can be used
to constrain distances to H II regions and the spectral
types of their ionizing stars. Additionally, we produce
an E(B−V ) map of an H II region using the MIPAPS
Paα and IPHAS Hα images, and present the radial pro-
file of E(B−V ) for the H II region.
2. OBSERVATIONS AND DATA REDUCTION
2.1. MIRIS Paα Observations
MIRIS is the primary scientific payload of the third Ko-
rean Science and Technology Satellite in Korea, STSAT-
3, which was launched in November 2013. The pixel size
and field of view are 51.6 arcsec and 3◦.67×3◦.67, respec-
tively. It has two broad-band filters, I (centered at ∼1.05
µm) and H (centered at ∼1.6 µm), and two narrow-band
filters for the Paα line (PAAL; centered at ∼1.875 µm)
and the Paα dual continuum (PAAC; centered at ∼1.84
µm and ∼1.91 µm). One of the main goals of MIRIS is
to perform the Paα Galactic plane survey using the two
narrow-band filters PAAL and PAAC. From April 2014
until May 2015, the survey covered the entire Galactic
plane within the latitude range of −3◦ . b . +3◦. This
contains 235 fields in total, with an average exposure of
∼20 minutes per filter. The details of the MIRIS instru-
ment design are described in Han et al. (2014), and its
mission, on-orbit performance, and basic data process-
ing pipeline will be addressed in subsequent papers. The
entire data set went public on July, 2017 at the official
MIRIS homepage6.
We extracted the pipeline-processed data for 14 fields
in a longitude range of ` = 96◦.5–116◦.3, which were ob-
tained during 77 orbits (39 for PAAL, and 38 for PAAC).
For each orbit, we adopted a median combined image
from∼180 frame images obtained during the orbit, which
were provided by the MIRIS data processing pipeline.
The background brightness of each orbit’s image can in-
crease due to the lunar light when its incident angle is
less than 80◦. To remove the difference in the lunar back-
grounds between the PAAL and PAAC images, we calcu-
lated a median background value for each orbit’s image,
and subtracted the constant background from all of the
pixels. After that, we combined the images from every
orbit using the Montage software7, and obtained final
mosaic images at the PAAL and PAAC bands for the
Cepheus region.
To perform the absolute calibration of the MIRIS flux
at the PAAL and PAAC bands, we matched point sources
detected in the PAAL and PAAC mosaic images with
their counterparts in the 2MASS point-source catalog
(Skrutskie et al. 2006). Using the Source Extractor pack-
age (Bertin & Arnouts 1996), point sources were identi-
fied, and their fluxes in units of ADU s−1 were mea-
sured in the PAAL and PAAC images. Here, ADU
means Analog-to-Digital Unit (Han et al. 2014). We used
the AUTO photometry (flux within a Kron-like elliptical
6 http://miris.kasi.re.kr/miris/
7 http://montage.ipac.caltech.edu/
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Figure 1. MIRIS PAAL and PAAC flux calibration by compari-
son with the 2MASS magnitudes. The blue crosses and red circles
indicate the fluxes calculated for the sources extracted from PAAL
and PAAC mosaic images of the Cepheus region, respectively. The
blue and red lines represent the best-fit lines, with slopes of 23.70
and 14.55 mJy (ADU s−1)−1, respectively.
aperture), and selected only the sources with the signal-
to-noise ratio of >3. We also excluded too bright sources
(29 at PAAL and 49 at PAAC) with the fluxes of >5000
ADU s−1, because their large flux errors can cause sig-
nificant uncertainty in estimating the calibration factors
(to convert from ADU s−1 to mJy). Applying the PAAL
and PAAC transmission curves to the fluxes that were
obtained by interpolating the 2MASS H and Ks magni-
tudes of the point sources, the fluxes expected at PAAL
and PAAC (in units of mJy) of the point sources were
calculated. The MIRIS fluxes of a total of 1548 point
sources for PAAL (blue crosses) and 1323 point sources
for PAAC (red circles) are compared with those calcu-
lated from the 2MASS data in Figure 1. By the least-
square linear fitting, we obtained the PAAL and PAAC
calibration factors of 23.70 ± 0.14 and 14.55 ± 0.11 mJy
(ADU s−1)−1, respectively.
Subtraction of the calibrated PAAC image from
the calibrated PAAL image results in the continuum-
subtracted Paα image. Because PAAC is a dual contin-
uum filter, the dust reddening effect on the PAAC flux
is not significantly different from that on the PAAL flux.
Applying the extinction curve of Cardelli et al. (1989)
with RV = 3.1 to the PAAL and PAAC fluxes, the dif-
ference in reddening effect between the two bands is cal-
culated to be at most ∼0.8%, even when E(B−V ) = 10.
Although the difference in dust reddening is negligible,
a straightforward subtraction of the PAAC image from
the PAAL image leaves strong residual patterns around
bright stars. This is mainly due to a significant difference
between the point spread functions (PSFs) at PAAL and
PAAC. The method of using a common PSF and im-
age convolution worsens the spatial resolution of images,
and was found to still leave stellar residuals. Thus, we de-
cided to mask out the residuals around the 2MASS point
sources with H and Ks magnitudes of 58. We masked
out a circular area around each bright star, and filled
it with a median value of the neighboring annulus with
the width of the masking radius. Radii of masking areas
were empirically determined to be roughly proportional
to the 2MASS magnitude of the star. Figure 2 shows
the continuum-subtracted Paα image of the Cepheus re-
gion. The strength of the Paα emission line is expressed
by the in-band flux unit (W m−2) integrated over the
PAAL transmission curve. We note that there are still a
few remaining artifacts due to two infrared-bright stars,
HD 214665 at (`, b) = (105◦.48,−1◦.51) and HD 209772
at (`, b) = (105◦.26, 6◦.15). Streaks or arc features,
around (`, b) = (105◦.30,−0◦.58), (105◦.70, 5◦.47), and
(106◦.10, 6◦.48), centered on these stars are caused by
the PSF difference between the PAAL and PAAC bands.
2.2. IPHAS Hα Survey data
To compare the MIPAPS Paα data with the existing
Hα data, we used the recently calibrated IPHAS data
(Barentsen et al. 2014). The continuum-subtracted Hα
image was obtained combining the narrow-band Hα and
broad-band r filter data. For each filter, we selected a
total of 7840 IPHAS field data in the Cepheus region,
which satisfy all of the IPHAS quality control criteria
(Barentsen et al. 2014). We masked out bad or low-
confidence pixels, by excluding the pixels with the “con-
fidence” value of <70 in the “confidence” maps provided
for each field data (Gonza´lez-Solares et al. 2008). Addi-
tionally, we discarded all pixels in the first five columns
along the longer side of each IPHAS CCD. These pixels
were found to have quite different values from those of
other pixels in almost all field data, which has not been
reflected in the confidence maps. We subtracted the me-
dian of sky background from each field image to reduce
the difference in the sky background between the Hα and
r filter images. Since the IPHAS pixel size (0.33 arcsec)
is too small to make such a large, single mosaic image for
the whole Cepheus region, each field image was binned
by 15 pixels × 15 pixels that corresponds to an angular
size of ∼5 arcsec. Then, all field images at each band
(Hα and r) were combined into a final mosaic image for
the Cepheus region using the Montage software.
The pixel values were converted into the calibrated
flux units (in W m−2 A˚−1) by substituting the value of
photometric zero-point presented in each image header
into Equation (11) of Barentsen et al. (2014), and us-
ing zero magnitudes of the IPHAS Hα and r filters ob-
tained from a web site for filter profile service8. Direct
subtraction of the r filter image from the Hα filter im-
age underestimates the continuum-subtracted Hα emis-
sion, because the wavelength range of the narrow-band
Hα filter is included in that of the broad-band r filter.
Therefore, we multiplied the resulting image by a correc-
tion factor of (ΣTHα × ΣTr)/(ΣTr − ΣTHα) calculated
from the IPHAS Hα and r filter transmission profiles
(available from the above web site). Here, ΣTHα and
ΣTr are the integrals of the Hα and r filter transmission
curves over wavelength, respectively, and thus multiply-
ing the correction factor expresses the strength of the Hα
emission line in the in-band flux unit (in W m−2). As
8 http://svo2.cab.inta-csic.es/theory/fps/
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Figure 2. Continuum-subtracted MIPAPS Paα mosaic image of the Cepheus region in Galactic coordinate. The pixel size of the image is
∼52 arcsec. The solid circles indicate 80 Paα sources corresponding to WISE H II region sources listed in Tables 2–5: Red, cyan, green, and
orange colors represent the Paα sources corresponding to 27 “Known”, 39 “Candidate”, 12 “Group”, and 2 “Radio Quiet” WISE sources,
respectively. The yellow dotted circles and ellipses indicate the other 29 Paα extended sources with no counterparts in the WISE H II
region catalog; they are listed in Table 6. Three rectangles designate the regions selected as the examples of visual inspection in Figure 4.
Two star symbols indicate the positions of two infrared-bright stars that cause some artifact features that are centered on them.
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Figure 3. Continuum-subtracted IPHAS Hα mosaic image of the Cepheus region in Galactic coordinate. This image was plotted with
a pixel size of ∼10 arcsec, although the original mosaic data have a bin size of ∼5 arcsec. The color-scale range has been adjusted by
multiplying that of Figure 2 (-1 to 4 × 10−19 W m−2 arcsec−2) by the intrinsic Hα to Paα ratio (∼8.5). All of the overlaid circles, ellipses,
and rectangles are the same as in Figures 2.
5in the continuum-subtracted Paα image, the continuum-
subtracted Hα image also shows strong residual features
around most of the bright stars, due to the PSF differ-
ence between the Hα and r bands. Moreover, the IPHAS
data with a higher spatial resolution and sensitivity con-
tain a quite large number of optical point stars in the
whole Cepheus region. Therefore, we masked out only
the residuals around individual interesting sources while
inspecting close-up images or performing photometry for
them, as will be mentioned in Section 3. To determine
masking positions, we used the IPHAS source catalog
(Barentsen et al. 2014). We selected the point sources
with r-band magnitude (“r” column) of 516 and point-
source probability (“pStar” column) of =0.5 in the cata-
log. The restriction condition of “pStar” =0.5 prevented
real diffuse sources from being masked out. We masked
out a circular area around each point source. The mask-
ing radius was determined to be roughly proportional to
the r-band magnitude of the source. The masked circu-
lar area was filled with a median value of the neighboring
annulus with the width of the masking radius. However,
there still remained many point-like sources with resid-
uals even after performing the above procedures. Thus,
we additionally masked out these residuals by visually
inspecting the residuals in close-up Hα images for in-
dividual sources. We checked the close-up images sev-
eral times, especially for the sources selected to perform
photometry, until the photometric results were not sig-
nificantly affected by the remaining residuals. Figure 3
shows the continuum-subtracted Hα mosaic image of the
whole Cepheus region. The color scale in the figure was
adjusted to have the same color scale as in Figure 2 (−1
to 4 × 10−19 W m−2 arcsec−2) after multiplying the in-
trinsic Hα to Paα ratio (∼8.5), which makes it easy to
recognize high-extinction regions from a simple compar-
ison of the two line images.
3. RESULTS
3.1. WISE H II region sources
Anderson et al. (2014) made a comprehensive cata-
log of Galactic H II regions using the WISE 12 µm and
22 µm data. They identified potential H II region can-
didates based on the characteristic mid-infrared (MIR)
morphology of H II regions: the 12 µm emission (from
PAH molecules) surrounds the 22 µm emission (from
heated dust grains). They also searched for counterparts
at radio continuum, RRL, and Hα of their candidates
to confirm them as true H II regions. Counterparts at
the RRL or Hα line have been found only for ∼18% out
of 8399 candidates, which were classified as “Known”
sources. About 24% of the candidates, classified as “Can-
didate” sources, were found to have only radio continuum
counterparts. About 8% were found to be spatially asso-
ciated with known H II region complexes, and were thus
classified as “Group” sources. About 49% of the can-
didates, classified as “Radio Quiet” sources, were found
to have no counterparts at any of the radio continuum,
RRL, and Hα at the sensitivity limits of existing surveys.
The Cepheus region investigated in this study contains
a total of 212 sources (31 “Known”, 71 “Candidate”, 18
“Group”, and 92 “Radio Quiet” sources), which are listed
in Tables 2–5.
For individual WISE H II region sources, we visu-
ally compared the continuum-subtracted MIPAPS Paα
and IPHAS Hα images with the WISE 12 µm and 22
µm images to find whether they show clear morpholog-
ical coincidence. The WISE data were obtained from
the NASA/IPAC Infrared Science Archive9. Tables 2–5
present the results of the visual inspection for the 212
WISE H II region sources, of which statistics are sum-
marized in Table 1. Figure 4 shows the examples of
three representative regions. Table 2 shows that the Paα
and Hα counterparts were found for all of the “Known”
sources, except for 5 sources. Out of them, two examples,
WK17 and WK26, are shown in Figures 4(a)–4(c) and
Figures 4(d)–4(f), respectively. Three small “Known”
sources (WK15, WK16, and WK18; indicated by three
small red circles in Figure 4(c)), show no clear counter-
parts at Paα and Hα, which is likely due to overlapping
with two bright sources, WK17 and MPE15, as shown in
Figures 4(a) and 4(b). WK02 also overlaps with another
bigger source, and hence could not be clearly identified
in the Paα image, but it is distinguishable in the Hα im-
age. WK14, of which the Paα counterpart was found,
is located outside the IPHAS survey area. As shown in
Tables 3 and 1, 39 and 53 sources out of 71 “Candi-
date” sources were confirmed, respectively, at Paα and
Hα. Figures 4(g)–4(i) display one of them, WC24. A fea-
ture that shows similar shape at Paα and Hα seems to be
spatially related to WISE bright features aligned along
the east side of G103.578+03.165. Fifteen sources that
were found only in the Hα images have small angular
sizes of <160 arcsec, and some of them are indistinguish-
able from other bright sources or stellar residuals in the
Paα images. On the other hand, WC55 shows a Paα
feature separated from an adjacent bright source, but
it has no clear counterpart in the Hα image. Tables 4
and 1 show that we found that Paα emissions from 12 of
the “Group” sources are distinguishable from spatially-
associated H II region complexes. The other 6 “Group”
sources, which are invisible at Paα, were found in the
IPHAS Hα images with higher resolution. In Table 5,
most of the “Radio Quiet” sources are small in angular
size, so we detected only two sources at Paα. However,
additional 16 sources were found in the IPHAS Hα im-
ages. For all of the sources that were detected at Paα, we
assigned MIPAPS names according to the central posi-
tions of the individual Paα features, and presented radius
values that approximate their angular extent. Tables 2–5
list them, while Figures 2 and 3 denote the solid circles
with their central positions and radii.
We carried out aperture photometry for the WISE
H II region sources detected at Paα to measure the
Paα fluxes. The sources that largely overlap with stel-
lar residuals or other bright sources were excluded, be-
cause their precise photometry could not be obtained.
For the sources that were also detected at Hα and were
fully covered by the IPHAS observation, we performed
aperture photometry of the Hα fluxes as well. For both
Paα and Hα aperture photometries, we adopted circu-
lar apertures with the MIPAPS coordinates and radii
given in Tables 2–5. Therefore, the same aperture was
used for both Paα and Hα photometries of each indi-
vidual source. Since we determined source radii to be
large enough that each aperture fully covered the indi-
9 http://irsa.ipac.caltech.edu/applications/wise/
6Table 1
Summary of Visual Inspection for WISE H II Region Sources
Category Number of Sources MIPAPS Paα Detection IPHAS Hα Detection Paα and/or Hα Detection
Yes No Yes No Not Observed
“Known” 31 27 (87.1%) 4 27 (87.1%) 3 1 28
“Candidate” 71 39 (54.9%) 32 53 (74.6%) 18 0 54
“Group” 18 12 (66.7%) 6 16 (88.9%) 0 2 18
“Radio Quiet” 92 2 (2.2%) 90 18 (19.6%) 70 4 18
Total 212 80 (37.7%) 132 114 (53.8%) 91 7 118
Note. — All numbers denote the numbers of sources except for those in parentheses which are detection percentages. In the last
column, 54 “Candidate”, 18 “Group”, and 18 “Radio Quiet” sources are newly identified as definite H II regions by detecting the Paα
and/or Hα recombination lines.
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Figure 4. MIPAPS Paα (left column), IPHAS Hα (middle), and WISE 12 µm (with 22 µm contours) (right) images of three representative
regions for visual inspection. All coordinate systems are Galactic coordinates, and the pixel sizes of the Paα, Hα, and WISE 12 µm images
are ∼52, ∼5, and ∼1.4 arcsec, respectively. The units of the color bars for Paα and Hα are all 10−19 W m−2 arcsec−2, and the color-scale
ranges have been adjusted according to the intrinsic Hα to Paα ratio (∼8.5). The units of the color bars for WISE 12 µm are DN (Digital
Number), and the levels of WISE 22 µm contours are 105, 115, 125, 225, 325, and 425 DN in (c), 97, 117, and 137 DN in (f), and 97, 100,
and 103 DN in (i). All colored circles and ellipses in the Paα and Hα images are the same as in Figures 2 and 3, and their corresponding
source names are from the “ID” columns of Tables 2–5 and 6. All colored circles in the WISE 12 µm images indicate the WISE H II region
sources, of which the central positions and sizes come from the WISE H II region catalog (Anderson et al. 2014). WISE names for some
principal sources are shown together. In each image of the first region (top row), two star symbols indicate two ionizing stars of Sh2-153
presented by Foster & Brunt (2015) (see Table 8), and two black dashed circles are centered on the two stars.
7vidual source, the calculated fluxes can be considered as
the total fluxes of the sources. Each background annulus
was defined with a thickness of twice the aperture radius,
and a median in the annulus was taken as the background
value. The 1σ uncertainty of flux photometry was also
defined as a standard deviation in the background an-
nulus. By comparing the observed Paα-to-Hα total flux
ratio with the value predicted in the theory of radia-
tive recombination of hydrogen atom, we can obtain the
E(B−V ) color excess averaged over each H II region. We
assumed the case B condition at a temperature of 104 K,
as in Table 14.2 of Draine (2011). The differential extinc-
tion APaα−AHα was converted into E(B−V ), applying
the extinction curve of Cardelli et al. (1989) with RV =
3.1. Tables 2–5 give the resulting flux photometry and
E(B−V ), together with the 1σ uncertainties. Because
the Hα fluxes of WC65 and WC71 were calculated to be
negative values, we present only their Paα fluxes. Here-
after, the E(B−V ) color excess calculated in this way
will be called Paα-Hα E(B−V ), if needed to discrimi-
nate from those calculated using other methods.
3.2. MIPAPS Paα sources
In Figure 2, we detected Paα sources that are not in-
cluded in the WISE H II region catalog. We found 29
extended and 18 point-like sources, which are listed in
Tables 6 and 7, together with assigned MIPAPS names.
MIPAPS names are based on the central positions of the
individual Paα features, and the spatial extents of ex-
tended sources are approximated by circles or ellipses
with the radii and position angles given in Table 6. The
circles and ellipses are denoted by yellow dotted lines in
Figures 2 and 3. Using the SIMBAD database, we listed
known H II regions or objects corresponding to the Paα
extended and point-like sources in Tables 6 and 7. We
found 16 of the Paα extended sources to have H II region
entries in the SIMBAD database, whereas the remaining
13 sources have no known H II region counterparts, even
in SIMBAD. All of the 18 Paα point-like sources were
found to be associated with emission-line stars (includ-
ing Wolf-Rayet and Herbig Ae/Be stars) or planetary
nebulae.
Table 6 shows the IPHAS Hα counterparts that were
found for all of the 29 Paα extended sources. Even the 13
Paα extended sources that have no corresponding known
H II regions show morphological coincidence between
Paα and Hα. Figures 4(a)–4(f) show three examples
(MPE15, MPE26, and MPE28). MPE15 corresponds to
Sh2-153 in SIMBAD. Two star symbols denoted in Fig-
ures 4(a)–4(c) indicate the positions of two ionizing stars
of Sh2-153 presented by Foster & Brunt (2015). The Hα
morphology of MPE15 clearly shows two circular features
centered on the ionizing stars, as denoted by dashed cir-
cles in the figures. The Paα image shows similar mor-
phology to the Hα image, although the smaller feature
is not clear. The two ionizing stars are also spatially co-
incident with two WISE 22 µm local peaks, as shown by
the yellow contours in Figure 4(c). In Figures 4(d) and
4(e), MPE26 and MPE28 show morphological similarity
between Paα and Hα, despite no corresponding known
H II regions. No clear WISE counterparts of MPE26 and
MPE28 appear in Figure 4(f). Except for two Paα point-
like sources (MPP11 and MPP15) that have no avail-
able IPHAS data, all the other Paα point-like sources
have their IPHAS Hα counterparts, as given in Table
7. In particular for MPP10, MPP12, and MPP18, each
source was found to harbor not only a compact Hα point
source, but also a diffuse Hα feature surrounding the
point source in the IPHAS Hα images. However, due to
the lower resolution of MIPAPS, we could not resolve the
individual diffuse Hα features in the Paα images.
We performed aperture photometry to extract Paα to-
tal fluxes for 18 Paα extended sources that show com-
plete circular morphologies without overlapping with
other bright sources. Except for two sources that were
not fully covered by the IPHAS observation, we also car-
ried out aperture photometry of Hα total fluxes, and de-
rived E(B−V ) values for the 16 Paα extended sources.
The methods of flux photometry and E(B−V ) estima-
tion are the same as those described in Section 3.1, and
the results are given in Table 6, together with 1σ uncer-
tainties. Although the precise photometry of point-like
sources should be made by PSF-fitted photometry, we
performed rough aperture photometry of Paα fluxes for
16 Paα point-like sources that do not largely overlap with
stellar residual or other bright sources. To measure the
total fluxes of the individual sources, we applied a suffi-
ciently large aperture size (6 arcmin; ∼7 MIRIS pixels) to
the point-like sources. Table 7 gives the results, together
with the 1σ uncertainties.
3.3. E(B−V ) map of Sh2-131
WK03 (known as Sh2-131) is one of the very close H II
regions with a distance of 1.00 ± 0.08 kpc (Foster &
Brunt 2015) in the Cepheus region. As a result, we could
identify the largest circular feature with a diameter of
∼2.◦5 in the Paα and Hα images (see Figures 2 and 3),
and obtain the lowest E(B−V ) of 0.2 mag (see Table
2). In order to make an E(B−V ) map of this source, we
extracted close-up images around WK03 from Figures 2
and 3. We masked out stellar residuals around WK03,
and adjusted the IPHAS Hα image to match its pixel
size and positions with those of the MIPAPS Paα im-
age. Figures 5(a) and 5(b) show the resulting Paα and
Hα images of WK03, respectively. We estimated neg-
ative background values of -0.63 for Paα and -3.68 for
Hα by taking the median values within the white dashed
circles denoted in the figures, and subtracted the val-
ues from both images, respectively. Then, E(B−V ) at
each pixel was derived by comparing the observed Paα to
Hα ratio with the intrinsic value, as described in Section
3.1. Figure 5(c) shows the resulting E(B−V ) map. The
E(B−V ) map of WK03 reveals higher extinctions in the
northwest (NW) part of the H II region, and lower ex-
tinctions in the southeast (SE) part. We also note that
several filamentary features with the highest E(B−V )
values appear in the NW part. The contours correspond-
ing to E(B−V ) = 0 divide the regions with positive color
excesses (red) from those with negative values (blue). It
is noted that there are regions with negative E(B−V )
values at the center and the outer rim in the SE part. A
compact object with high E(B−V ) values in the lower
left corner of the figure is WC14, which was classified in
the WISE H II region catalog as an H II region candi-
date (Anderson et al. 2014). The great distance to WC14
(4.87 ± 0.04 kpc by Foster & Brunt (2015)) may result
in a very high E(B−V ) value and a small angular size,
compared to those of WK03.
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Figure 5. (a) MIPAPS Paα, (b) IPHAS Hα, and (c) E(B−V ) images of WK03 (known as Sh2-131, at a distance of 1.00 ± 0.08 kpc by
Foster & Brunt (2015)) in Galactic coordinates. The upper two images are close-up images extracted from Figures 2 and 3, respectively.
The IPHAS Hα image was re-binned to match its pixel size and pixel positions with those of the MIPAPS Paα image. The white dashed
circles denote the area selected for background subtraction in each image. The lower image for E(B−V ) was derived from the two upper
images (with the same pixel size of ∼52 arcsec), and the overlaid contours indicate a level of E(B−V ) = 0 mag. The red star symbols
indicate the location of HD 206267, which is known to be a dominant ionizing star of WK03. The red solid circles centered on the star
and the red diagonal lines divide the source region into two sub-regions: the northwest (NW) and the southeast (SE) parts. The radial
profiles of E(B−V ) in Figure 9 were derived from these sub-regions. A compact feature shown in the lower left corner is WC14, which was
classified in the WISE H II region catalog as an H II region candidate (Anderson et al. 2014).
4. DISCUSSION
4.1. Visual Inspection
We presented the maps of the Cepheus region mea-
sured at Paα and Hα, and newly identified a total of
90 sources (54 “Candidate”, 18 “Group”, and 18 “Radio
Quiet” sources) in the WISE H II region catalog as true
H II regions, as summarized in Table 1. Thus, they can
now be classified as “Known” sources. Among those 90
sources, Paα was detected from a total of 53 sources (39
“Candidate”, 12 “Group”, and 2 “Radio Quiet” sources),
as given in the table, but the remaining 37 sources were
only detected at Hα. As mentioned in Section 1, the
less-attenuated Paα flux becomes larger than the more-
attenuated Hα flux when E(B−V ) >1.12. Therefore,
it was expected that Paα could be detected from a lot
of sources that are invisible at Hα due to dust extinc-
tion. However, ignoring WK14, WG03, and WG05 which
are located outside the IPHAS survey area, among the
WISE H II region sources invisible in the IPHAS Hα im-
ages, only one source (WC55) was detected at Paα. In
Tables 2–5, only 23 sources have the spatially averaged
E(B−V ) of >1.12, among the 62 sources with the esti-
mated E(B−V ) values. Moreover, only 4 sources have
E(B−V ) of >2.0. The Cepheus region analyzed in this
study lies in the direction of the outer Galaxy (` = 96◦.5–
116◦.3), which means that dust extinction is not as se-
vere as that in the inner Galaxy. This is why IPHAS
with higher spatial resolution and sensitivity has an ad-
9vantage over MIPAPS for the detection of H II regions
in the Cepheus region. We note that MIPAPS was per-
formed with only 8 cm aperture of the MIRIS telescope,
compared to IPHAS with a 2.5 m telescope. However,
the MIPAPS Paα data are still believed to be useful in
detecting H II regions with high extinction of E(B−V )
>1.12, many of which are likely to reside in regions to-
ward the inner Galaxy. Since more than half of the whole
WISE H II region candidates in the entire Galactic plane
are in the inner Galactic region, we expect that the MI-
PAPS Paα data would be more useful to identify them as
definite H II regions than optical Hα data. In particular,
for the sources with large angular sizes, the MIPAPS Paα
images can provide better information for high-extinction
regions than Hα. For example, the MIPAPS Paα image
of WK26 seen in Figure 4(d) shows an almost complete
circular feature, but only bright parts in the north side
are identified in the IPHAS Hα image, as shown in Figure
4(e).
The most up-to-date version 2.0 of the catalog is pre-
sented in the project homepage for the WISE H II region
catalog10. We note that 20 “Candidate” and 2 “Group”
sources, among the H II region candidates in the Cepheus
region, were updated to “Known” sources, which are in-
dicated in Tables 3 and 4. Anderson et al. (2015) and An-
derson et al. (2018) detected hydrogen RRLs from them
using the Green Bank telescope. All of the 22 sources
are included in the 90 H II regions newly confirmed from
this study.
Anderson et al. (2014) claimed that the WISE H II re-
gion catalog is the most complete catalog of Galactic H II
regions, based on the expected MIR brightness of H II
regions, and the sensitivity of the WISE data. However,
they classified only well-defined circular sources as dis-
tinct H II regions, and excluded irregular ionized sources
with incomplete structures, or complexes composed of
multiple objects. Figures 2 and 3 show that there are
lots of large-extent diffuse features that are visible at
both Paα and Hα. Although most of them are not in-
cluded in the WISE H II region catalog, morphological
similarity between Paα and Hα indicates that they are
real features tracing ionized hydrogen gas. They can be
a part of nearby diffuse H II regions, even though their
incomplete morphological characteristics. As mentioned
in Section 3.2, 16 Paα extended sources identified in this
study were found to have known H II region entries in
the SIMBAD database, although they are not included
in the WISE H II region catalog. The other 13 Paα ex-
tended sources with no corresponding known H II regions
may also be related to H II regions or ionized sources.
MPE01, MPE19, and MPE28 may just be the features
related to adjacent bright sources, one of which (MPE28)
is shown in Figures 4(d)–4(f). However, they might be
separate H II regions, as in the case of MPE15 in Figures
4(a)–4(c). In Figures 4(d)–4(f), MPE26 with a plausible
filamentary feature, can be a part of an H II region, or
a feature related to an unknown shock front. We note
that the remaining 9 Paα extended sources show isolated
circular features at Paα and Hα, and thus they can be
newly identified H II regions.
As listed in Table 7, we detected Paα emissions from
3 planetary nebulae and 15 emission-line stars, including
10 http://astro.phys.wvu.edu/wise/
6 Wolf-Rayet and 2 Herbig Ae/Be stars in the Cepheus
region. All of them, except for two sources located out-
side the survey area, have their IPHAS counterparts. In
particular, diffuse extended Hα features together with
Hα point sources were found for 3 emission-line stars
(MPP10, MPP12, and MPP18) in the IPHAS Hα im-
age, as mentioned in Section 3.2. The central source
(MWC 1080) related to MPP18 is classified as a Herbig
Ae/Be star with B0 spectral type in SIMBAD, and thus
the surrounding extended Hα feature is likely an initial
H II region formed by MWC 1080. The central source
(V669 Cep) related to MPP10 was also reported as a
Herbig Ae/Be star by Chen et al. (2016), although the
spectral type of V669 Cep was presented as B5 (too late
to form an H II region). If V669 Cep has a slightly earlier
spectral type, the extended Hα feature around V669 Cep
can also be considered to be an initial H II region formed
by V669 Cep. Otherwise, it may be an ionized hydrogen
feature related to some violent activities of the Herbig
Ae/Be star, such as outflows and jets emitted from the
Herbig star. In fact, MPP16 (known as AS 505), which
is classified as a Herbig Ae/Be star with B5 spectral type
in SIMBAD, is surrounded by a WISE H II region candi-
date WC56, from which both Paα and Hα were detected.
4.2. Photometric Results
From the photometries of the MIPAPS Paα and
IPHAS Hα data, we obtained the Paα-Hα E(B−V )
color excesses for 62 WISE H II region sources (22
“Known”, 30 “Candidate”, 9 “Group”, and 1 “Radio
Quiet” sources) and 16 MIPAPS Paα extended sources,
as given in Tables 2–5 and 6. We compare the E(B−V )
values with Galactic coordinates, angular sizes of the
sources, and distances to the sources in Figure 6. In
Figure 6(d), only 33 sources with known distances are
plotted. We collected kinematic, spectrophotometric, or
parallax distance values for the 33 sources from Ander-
son et al. (2014), Foster & Brunt (2015), or Moscadelli
et al. (2009), which are shown in Table 8. Regarding
the sources with multiple distance values, we adopted
the value with the highest distance-to-uncertainty ratios
(those without parentheses in Table 8), and used them in
Figure 6(d). No significant correlation with Galactic co-
ordinates is found, whereas the dependency of E(B−V )
on angular size and distance is clearly found. The size of
the Cepheus region dealt with in this study is less than
20 degrees, which might be too small to see the depen-
dency of E(B−V ) on Galactic coordinates. In princi-
ple, the negative and positive correlation with angular
size and distance, respectively, can be explained by the
fact that the more distant sources are in general smaller
in angular size and more attenuated by interstellar dust.
However, not only the more distant H II regions, but also
young ultracompact H II regions still embedded in dense
molecular clouds could have smaller angular sizes. The
embedded H II regions will suffer from higher internal
extinction by their own local clouds, even when they are
attenuated by only a small amount of interstellar dust
between them and us. Therefore, the sources located at
the lower right part (high E(B−V ) and small distance)
in Figure 6(d) are likely such young ultracompact H II
regions. For example, WC51 with an E(B−V ) of 1.86
± 0.04 mag and a distance of 0.7 ± 0.1 kpc would be
the case. The source has not been reported in previous
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Figure 6. E(B−V ) vs. (a) Galactic longitude, (b) Galactic latitude, (c) angular size of source, and (d) distance to source for 78 sources,
of which the E(B−V ) values are available in Tables 2–5 and 6. “WK”, “WC”, “WG”, and “WR” represent WISE “Known”, “Candidate”,
“Group”, and “Radio Quiet” sources, respectively. “MPE” represents MIPAPS Paα extended sources. The E(B−V ) values (with 1σ error
bars) are from the “E(B−V )” columns of the tables. In (d), only 33 sources with known distances (including their uncertainties) in Table 8
are shown together with vertical error bars for the distances. The symbols without visible error bars denote the sources with uncertainties
that are smaller than the symbol sizes.
studies for the Hα detection, probably due to high ex-
tinction, and thus was classified as a “Candidate” source
in the WISE H II region catalog. As denoted in the fig-
ure, WK22 shows relatively strong extinction as well. It
is known to be an H II region, Sh2-158 (also known as
NGC 7538), which was also reported to be associated
with a giant molecular cloud, G111.50+0.75 (cloud G)
by Ungerechts et al. (2000). Moscadelli et al. (2009) re-
ported the detections of 12 GHz methanol masers toward
WK22 and WC51 (NGC 7538 and Cep A in their paper,
respectively). Since methanol masers are well-known in-
dicators of the early phases of massive star formation
(Urquhart et al. 2013), the detections of methanol masers
for WK22 and WC51 support the suggestion that these
sources located at the lower right part of Figure 6(d)
are likely young ultracompact H II regions embedded in
dense molecular clouds.
Foster & Brunt (2015) calculated the E(B−V ) val-
ues for 103 H II regions, using photometric and spectro-
scopic information of the stars associated with the H II
regions. Among the sources dealt with by Foster & Brunt
(2015), we found a total of 26 sources corresponding to
our sources with the Paα-Hα E(B−V ) values in Tables
2–5 and 6, which are shown in Table 8. By checking
positions and angular sizes of the sources with the same
names in both Anderson et al. (2014) and Foster & Brunt
(2015), we found two H II regions WK28 and WK29
(S166 and S165 in Anderson et al. (2014), respectively)
to be mistakenly interchanged in the WISE H II region
catalog, and thus we related WK28 and WK29 to Sh2-
165 and Sh2-166, respectively. Sh2-161 in Foster & Brunt
(2015) seems to correspond more likely to WG14, rather
than to WK24. Since WK21 is an ultracompact H II re-
gion existing within the larger H II region, Sh2-157, we
adopted only the E(B−V ) value for the star, ALS 19704,
in Table 1 of Foster & Brunt (2015), which positionally
matches with the center of WK21. We also used only LS I
+6050 for WK30, because the other ionizing stars of Sh2-
168 presented by Foster & Brunt (2015) are located out-
side our angular boundary of WK30. Additionally, three
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Figure 7. Comparison of our Paα-Hα E(B−V ) with the
E(B−V ) values presented by Foster & Brunt (2015) for 26
sources, of which the counterparts are available in Foster & Brunt
(2015), as listed in Table 8. “WK”, “WC”, and “WG” represent
WISE “Known”, “Candidate”, and “Group” sources, respectively.
“MPE” represents MIPAPS Paα extended sources. The Paα-Hα
E(B−V ) values (with 1σ error bars) are from the “E(B−V )”
columns in Tables 2–4 and 6. The symbols without visible error
bars denote the sources with the Paα-Hα E(B−V ) uncertainties
that are smaller than the symbol sizes. The E(B−V ) values of
Foster & Brunt (2015) (without uncertainties) were taken from
their Table 2, as shown in Table 8. The diagonal dotted lines show
agreement between the two kinds of E(B−V ) within ∼0.4 mag.
On the other hand, the solid line represents the best-fit line with
a systematic offset of 0.16 ± 0.03 mag.
“Candidate” WISE sources (WC14, WC15, and WC27)
and two MIPAPS Paα extended sources (MPE13 and
MPE15) were found to have their counterparts in Foster
& Brunt (2015), as given in Table 8.
For the above 26 sources, we compared our Paα-Hα
E(B−V ) with the E(B−V ) values presented by Foster
& Brunt (2015) in Figure 7, which shows good agreement
within ∼0.4 mag, as denoted by diagonal dotted lines in
the figure. However, interestingly, it is found that the
Paα-Hα E(B−V ) values are systematically lower than
those by Foster & Brunt (2015). By the least-square
linear fitting, we estimated the offset of the Paα-Hα
E(B−V ) from those by Foster & Brunt (2015), and then
obtained the value of 0.16 ± 0.03 mag, as indicated by a
diagonal solid line in Figure 7. We note that the Paα-Hα
E(B−V ) values were directly derived from the photom-
etry of extended emissions from ionized hydrogen gas
in the H II regions. On the other hand, the E(B−V )
values by Foster & Brunt (2015) were calculated from
the photometry of point stars that are believed to be
associated with the H II regions. The deviation of the
Paα-Hα E(B−V ) from that by Foster & Brunt (2015)
may originate from the difference of geometries of these
target sources. The distance to each location of an ex-
tended H II region would be different from those to the
stars chosen to calculate E(B−V ), which may explain
the random deviation of the E(B−V ) values. However,
the geometrical difference cannot be a main cause of
the systematic difference. Instead, the more plausible
cause of the systematic underestimation of the Paα-Hα
E(B−V ) values is the effect of dust scattering. Figures
1 and 5 of Seon & Witt (2012) show that a portion of
light from an extended source can be scattered by dust
into sightlines within the angular size of the source, and
then this scattered light will be observed together with
the direct light from the source. Since the Hα line is at a
shorter wavelength than the Paα line, the dust-scattering
effect is more important at Hα than at Paα, and thus
the scattering component is stronger at Hα than at Paα.
Therefore, the Paα-Hα E(B−V ), which is defined by the
ratio between the Paα and Hα total fluxes from an ex-
tended source (i.e., H II region), will underestimate its
true value by as much as is contributed by the differ-
ence in dust scattering. On the other hand, for a point
source, the scattered light is completely missed from the
sightline of the source, and thus no scattered light is de-
tected. Therefore, the E(B−V ) values estimated from
point stars are free from the dust-scattering effect. In the
case of Figure 7, dust scattering seems to contribute on
average 0.16 ± 0.03 mag to the Paα-Hα E(B−V ) val-
ues. However, this value can vary somewhat, depending
on the assumed temperature of ionized hydrogen gas. If
a temperature of 5 × 103 K or 2 × 104 K (instead of 104
K) in Table 14.2 of Draine (2011) is applied, the offset
is calculated to be 0.23 ± 0.03 mag or 0.10 ± 0.03 mag,
respectively.
Using two three-dimensional (3D) extinction data,
given by Sale et al. (2014) and Green et al. (2015), we also
attempted to derive the E(B−V ) values for the sources,
of which the known distances are available in Table 8.
The 3D extinction data of Sale et al. (2014) were obtained
with an angular resolution of ∼600 arcsec and a distance
resolution of 100 pc, by using the IPHAS photometry
of stars. The 3D extinction data of Green et al. (2015)
were derived from Pan-STARRS 1 optical and 2MASS
near-infrared photometry of stars with an angular reso-
lution of 204–822 arcsec and a distance resolution of 0.5
distance modulus (∼12.6 pc). Since some sources with
small angular sizes have no reliable 3D extinction data
within their areas, the E(B−V ) values for only 20 and
23 sources were obtained from the 3D data of Sale et al.
(2014) and Green et al. (2015), respectively. In compar-
ison with the Paα-Hα E(B−V ) values, the discrepancy
was within ∼0.6 mag. However, there was no clear sys-
tematic offset between the Paα-Hα E(B−V ) and those
derived from the 3D data. In fact, the E(B−V ) values
from the 3D data have large uncertainties, due to inaccu-
rate values of distances to the sources, which were used
to calculate E(B−V ) from the 3D data. The sources
with small angular sizes could be affected by the limited
angular resolutions of the 3D data, as well.
To estimate the intrinsic total flux at Paα or Hα for
each H II region, its spatially-averaged E(B−V ) value
can be used for the observed total flux. Using the Paα-
Hα E(B−V ) value and the Paα total flux observed by
MIRIS, we obtained the reddening-corrected Paα total
flux for each H II region. Assuming the relative luminos-
ity fractions between the recombination lines, as shown in
Table 14.2 of Draine (2011) for the case B condition, the
total luminosity of the Lyman continuum emitted from
its ionizing star(s) can be derived from the intrinsic Paα
total flux (once a distance to an H II region is known).
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Figure 8. Total Lyman continuum luminosity as a function of distance for 31 representative sources. “WK”, “WC”, “WG”, and “WR”
represent WISE “Known”, “Candidate”, “Group”, and “Radio Quiet” sources, respectively. “MPE” represents MIPAPS Paα extended
sources. The curve for each source (the numbers on the curves denote the source ID numbers given in Tables 2–5 and 6) is calculated by
using its Paα total flux and E(B−V ) given in Tables 2–5 and 6. Utilizing Table 1 of Martins et al. (2005), the positions corresponding to
Lyman continuum luminosities for O3.0V- and O9.5V-type stars are indicated by two horizontal lines. Star symbols on the curves indicate
the positions corresponding to Lyman continuum luminosities calculated using Tables 1–3 of Martins et al. (2005) and the spectral types
of the ionizing stars given in Table 8. The stars with the upper (or lower) limit symbols represent the sources that have only one B-type
ionizing star (or additional B-type ionizing stars, as well as O-type ionizing stars). Squares, circles, and diamonds (with error bars) on the
curves denote the positions corresponding to the kinematic, spectrophotometric, and parallax distances given in Table 8, respectively.
Then, the spectral type(s) of the star(s) can also be in-
ferred by comparing the derived luminosity with the the-
oretically predicted value (Martins et al. 2005). Figure 8
shows the total Lyman continuum luminosity as a func-
tion of distance for 31 representative sources, of which
the Paα-Hα E(B−V ) values are available. Squares, cir-
cles, and a diamond (with error bars for distances) on
the curves indicate the positions corresponding to kine-
matic, spectrophotometric, and parallax distances given
in Table 8, respectively. Since the kinematic distance
for WK22 has no uncertainty value, it is denoted in Fig-
ure 8(b) by a square without its error bar. Star sym-
bols on the curves indicate the positions corresponding
to Lyman continuum luminosities calculated using Ta-
bles 1–3 of Martins et al. (2005) and the spectral types
of the ionizing stars given in Table 8. Because Martins
et al. (2005) presented Lyman continuum luminosities
for only O3- to O9.5-types, we considered only O-type
ionizing stars to calculate Lyman continuum luminosi-
ties. Instead, we provide the upper or lower limits of the
Lyman continuum luminosities for the H II regions with
B-type ionizing stars. In addition, we assumed V for the
sources with luminosity classes of IV and (V) in Table 8,
because Martins et al. (2005) presented Lyman contin-
uum luminosities for only luminosity classes of I, III, and
V. The stars with the upper limit symbols represent the
sources that individually have only one B-type ionizing
star, and the upper limits are the values for the latest O-
type (O9.5) star with the corresponding luminosity class
in Martins et al. (2005). On the other hand, the stars
with the lower limit symbols represent the sources that
have additional B-type ionizing stars, as well as O-type
ionizing stars, and the lower limits are the values ob-
tained from only the O-type ionizing stars.
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The total Lyman continuum luminosity calculated for
each source can be used to constrain either the distance
to the source or the spectral type(s) of its ionizing star(s),
if we know the other one. For example, WK22 (known
as Sh2-158) is known to have a parallax distance of 2.7 ±
0.1 kpc (Moscadelli et al. 2009; Anderson et al. 2014), a
spectrophotometric distance of 2.44 ± 0.77 kpc (Foster &
Brunt 2015), and two ionizing stars with spectral types
of O3V and O9V (Russeil et al. 2007; Foster & Brunt
2015), as shown in Table 8. In Figure 8(b), the positions
corresponding to the parallax distance of 2.7 kpc and the
spectrophotometric distance of 2.44 kpc are indicated on
the curve of WK22 by a diamond and a circle, respec-
tively. On the other hand, a star symbol is plotted at the
position corresponding to the Lyman continuum lumi-
nosity emitted from two stars with spectral types of O3V
and O9V. If the distance of 2.7 kpc or 2.44 kpc is cor-
rect, then the spectral types of its ionizing stars should
be later than O3V and O9V. In another study, Lynds &
O’Neil (1986) considered only a central O7V-type star to
be the main ionizing star of WK22. On the other hand,
if the two stars presented by Russeil et al. (2007) and
Foster & Brunt (2015) are indeed O3V- and O9V-type
ionizing stars for WK22, then the distance to WK22 is
likely to be ∼5.4 kpc, as shown in the figure. This is
similar to the kinematic distance of WK22 (5.6 kpc, as
denoted by a square in the figure), although Moscadelli et
al. (2009) concluded that the parallax distance of 2.7 kpc
obtained from measuring methanol masers is the actual
distance to WK22. In the case of WK20, the total lumi-
nosity of its ten ionizing stars suggests a much larger dis-
tance (&1.6 kpc) than the spectrophotometric distance
of 0.84 ± 0.04 kpc, as shown in Figure 8(a). This implies
that the relatively low distance for WK20 compared to
E(B−V ) in Figure 6(d) can be simply due to adopting
the underestimated distance value of 0.84 kpc. We note
that the total Lyman continuum luminosities estimated
from the kinematic distances to WK08, WK09, WK19,
and WK22 are coincident with those estimated from the
spectral types of their ionizing stars, as can be seen in
Figure 8. On the other hand, the total Lyman continuum
luminosities estimated from the spectrophotometric dis-
tances to WK03, WK17, WK26, WK28, and WC15 are
compatible with those estimated from the spectral types
of their ionizing stars. We also note that the total Lyman
continuum luminosities in Figure 8 could be somewhat
underestimated, because the Paα-Hα E(B−V ) values
derived from extended components were found to be sys-
tematically underestimated by the dust-scattering effect,
as discussed above.
The Paα-Hα E(B−V ) values for the H II regions in
Cepheus show a general trend that the more distant
sources have higher dust extinction. However, the Paα-
Hα E(B−V ) values estimated for the “extended” regions
are found to be systematically lower than the E(B−V )
estimated using “point” stars by 0.10–0.23 mag. The dis-
crepancy can be explained by the dust scattering effect
which enhances the Hα flux from the extended sources.
We note that the Hα enhancement due to dust scat-
tering affects only the Paα-Hα E(B−V ) obtained for
“extended” sources, but not the E(B−V ) estimated for
“point” sources. The discrepancy of 0.10–0.23 mag is
found to be consistent with dust radiative transfer mod-
els (Seon et al. 2018, in preparation). Despite the effect
of dust scattering, Figure 8 shows that the total Lyman
continuum luminosities estimated for 9 H II regions are
simultaneously consistent with their known kinematic or
spectrophotometric distances and the spectral types of
their known ionizing stars. We will extend this photo-
metric analysis to other regions in the Galactic plane,
and compare the inner Galactic regions with higher ex-
tinctions and the outer Galactic regions with lower ex-
tinctions in subsequent papers.
4.3. Morphological Results
Using the MIPAPS Paα and IPHAS Hα images, we
made a Paα-Hα E(B−V ) map for the whole region of
WK03. Since WK03 is a large, nearby H II region, we can
examine the morphology in detail, even with the moder-
ate spatial resolution of MIPAPS. Foster & Brunt (2015)
noted that the O6.5V-type star HD 206267 is the domi-
nant ionizing star for this H II region. The position of the
star is denoted by the star symbol in Figures 5(a)–5(c).
In the NW part of WK03, the Hα image (Figure 5(b))
shows many filamentary dark features seen against bright
environments, whereas these dark features are invisible
in the Paα image (Figure 5(a)). This results in filamen-
tary features with high extinctions in the E(B−V ) image
(Figure 5(c)), which reveal a morphology of dust clouds
located in front of WK03. In the SE part with relatively
low extinctions, a central void located just south of HD
206267 appears more clearly in the Paα image than in
the Hα image, which results in negative E(B−V ) at that
position. The contours of E(B−V ) = 0 mag in Figure
5(c) indicate negative E(B−V ) along the outer rim of
the SE part, as well. The negative extinction means that
there are additional Hα emissions over those predicted
from the intrinsic Hα-to-Paα ratio. The additional Hα
component can be explained by the dust-scattering ef-
fect. Seon & Witt (2012) demonstrated that the observed
morphology of diffuse Hα emission outside of the bright
H II regions accords well with the dust-scattering halo
surrounding the H II regions. They concluded that the
dust-scattering effect is indeed important near the H II
regions.
Since the Paα line (with a longer wavelength) is rela-
tively free from dust scattering, the effect of dust scatter-
ing makes Hα flux stronger than Paα flux at the edge and
outside of an H II region. In order to verify this trend,
we plotted the radial profiles of E(B−V ) for the WK03
region. The region, enclosed by the red solid circle cen-
tered on HD 206267, was divided into two sub regions
(the NW part and the SE part) by the diagonal line
in Figures 5(a)–5(c). We calculated the representative
E(B−V ) at each radial distance as the median value for
the pixels located at the radial distance within the solid
circle. Figure 9 shows the results. In contrast to the NW
part (denoted by red x symbols with thin error bars),
the radial profile of E(B−V ) in the SE part (denoted by
blue circles with thick error bars) is rapidly decreasing
near the edge of the source, which agrees with the behav-
ior expected by dust scattering. Since this nearby H II
region basically has quite low interstellar extinction and
its SE part has no foreground dust clouds, E(B−V ) val-
ues measured in the SE part can drop to negative values,
which enables us to prove the dust-scattered Hα compo-
nents. Comparing the Paα image with the Hα image in
Figures 5(a) and 5(b), we can know that diffuse and faint
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Figure 9. Radial profiles of E(B−V ) for the northwest (NW)
part (red x symbols with thin error bars), and the southeast (SE)
part (blue circles with thick error bars) of WK03 based on Figure
5(c). The representative E(B−V ) for each radial distance was
calculated as the median value for the pixels located at the radial
distance within the solid circle in Figure 5(c).
Hα emissions are apparent even in regions invisible at
Paα (the central void and the outer rim of the SE part).
These diffuse Hα emissions could be light scattered by
dust grains, which reside around and in front of the H II
region. Eventually, the MIPAPS Paα morphology, which
is much less affected by extinction and scattering, would
be a better indicator of ionized hydrogen gas in this H II
region.
5. SUMMARY
Using the two narrow-band filters of MIRIS, the first
Paα imaging survey for the whole Galactic plane has
been completed. To appreciate the data quality and sci-
entific potential of the MIPAPS data, we analyzed the
Paα data for the Galactic longitude range of ` = 96◦.5–
116◦.3 around Cepheus, and together with the IPHAS
Hα data. We visually examined the Paα and Hα images
for the 31 “Known”, 71 “Candidate”, 18 “Group”, and
92 “Radio Quiet” sources in the WISE H II region cata-
log. The Paα and/or Hα recombination lines were newly
detected from a total of 90 sources (54 “Candidate”, 18
“Group”, and 18 “Radio Quiet” sources) out of 181 H II
region candidates. These sources can now be definitely
identified as true H II regions, or as “Known” sources
according to the terminology of the WISE H II region
catalog. In particular, the Paα emissions were detected
from a total of 53 sources (39 “Candidate”, 12 “Group”,
and 2 “Radio Quiet” sources). The Paα emission line
will have the advantage of being less attenuated com-
pared to the Hα line, in particular in regions with higher
extinction, such as in the inner Galaxy. We also newly
detected 29 extended and 18 point-like sources at Paα,
which are not included in the WISE H II region catalog.
Their counterparts at Hα were also found for all of the 29
extended sources and 16 point-like sources. In SIMBAD,
it was found that 16 Paα extended sources are associated
with known H II regions, and 18 Paα point-like sources
are due to 3 planetary nebulae and 15 emission-line stars,
including 6 Wolf-Rayet and 2 Herbig Ae/Be stars. Out
of the other 13 Paα extended sources with no known
counterparts, 9 Paα extended sources are considered to
be newly identified H II regions, based on their isolated
circular morphologies at Paα and Hα.
By using the results of the aperture photometries of
the MIPAPS Paα and IPHAS Hα total fluxes, we calcu-
lated the Paα-Hα E(B−V ) color excesses for 62 WISE
H II region sources (22 “Known”, 30 “Candidate”, 9
“Group”, and 1 “Radio Quiet” sources) and 16 MI-
PAPS Paα sources. We found that the Paα-Hα E(B−V )
values are basically in proportion to the distances to
the sources, which is consistent with the fact that the
more distant sources are commonly more attenuated by
a larger amount of interstellar dust. Two sources with
relatively high E(B−V ) compared to distance, could
be young ultracompact H II regions still embedded in
dense molecular clouds. Also, we compared the Paα-Hα
E(B−V ) values of 26 H II regions with those presented
by Foster & Brunt (2015). We note that the Paα-Hα
E(B−V ) values were derived from extended emissions
of Paα and Hα originating from the H II regions. How-
ever, the E(B−V ) values of Foster & Brunt (2015) were
obtained from the photometry of point stars considered
to be associated with the H II regions. The Paα-Hα
E(B−V ) values are coincident with those of Foster &
Brunt (2015) within ∼0.4 mag, but a systematic under-
estimation of the Paα-Hα E(B−V ) was also found. The
offset from the E(B−V ) values of Foster & Brunt (2015)
was estimated to be 0.16 ± 0.03 mag when a temperature
of 104 K for ionized hydrogen gas is assumed. This can
be explained by the dust-scattering effect, which is more
important at Hα than at Paα, when observing emissions
from extended sources. We used the observed Paα to-
tal flux and the Paα-Hα E(B−V ) value to calculate the
total Lyman continuum luminosity as a function of dis-
tance for each H II region, which enables the distance to
the H II region and the spectral type(s) of its ionizing
star(s) to be constrained. We found that the total lumi-
nosities calculated for 9 H II regions are simultaneously
consistent with their known kinematic or spectrophoto-
metric distances and the spectral types of their known
ionizing stars.
Using the MIPAPS Paα and IPHAS Hα images, we
made an E(B−V ) map for the entire region of an H II
region (known as Sh2-131), which is one of the largest
H II regions in the Cepheus region. In the NW part
with relatively high extinction, the E(B−V ) map shows
many high-extinction filamentary features, which suggest
the existence of foreground dust clouds in the regions.
On the other hand, a central void and the outer rim
in the SE part were found to have negative E(B−V )
values. This indicates that there is Hα excess over that
predicted from the intrinsic Hα to Paα ratio of hydrogen
recombination lines. The Hα excess can be explained
by the dust-scattering effect. In fact, in the IPHAS Hα
image, we can clearly see diffuse and faint Hα emission,
even in the regions where the Paα emission is very low or
negligible. These diffuse Hα emissions are attributable
to light scattered by interstellar dust. The radial profile
of E(B−V ), which decreases rapidly near the SE edge
of the source, is consistent with the result expected by
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the dust-scattering effect.
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